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(57) ABSTRACT 

An active rectifier and a wireless power receiver including the 
active rectifier are provided. According to an aspect, an active 
rectifier may include: a first loop configured to provide volt 
age when the phase of an input signal is positive; and a second 
loop configured to provide Voltage when the phase of the 
input signal is negative, wherein the first loop and the second 

13/219,842 loop include a delay locked loop configured to compensate 
for reverse current leakage due to a delay of a switch included 
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ACTIVE RECTFER WITH DELAY LOCKED 
LOOP, WIRELESS POWER RECEIVING 
APPARATUS INCLUDING ACTIVE 

RECTFER 

CROSS-REFERENCE TO RELATED 
APPLICATION(S) 

0001. This application claims the benefit under 35 U.S.C. 
S119(a) of Korean Patent Application No. 10-2010-0083311, 
filed on Aug. 27, 2010, in the Korean Intellectual Property 
Office, the entire disclosure of which is incorporated herein 
by reference for all purposes. 

BACKGROUND 

0002 1. Field 
0003. The following description relates to an active recti 

fier which may be used for wireless power transmission. 
0004 2. Description of Related Art 
0005. A resonance power transferring system is one of 
several wireless power transmission systems, and may 
include a source device that transmits the resonance power 
and a target device that receives the resonance power. The 
resonance power may be wirelessly transmitted from the 
Source device to the target device. 
0006 When a wireless power receiver corresponding to a 
target device of the wireless power transmission system uses 
a passive rectifier, the passive rectifier may rectify alternating 
current to have a Voltage equal to a value obtained by Sub 
tracting a Voltage drop from a peak Voltage of an input, due to 
the voltage drop caused by a diode included in the rectifier. 
The rectifier in the wireless power receiver may be an impor 
tant factor for power transmission efficiency. 

SUMMARY 

0007 According to an aspect, an active rectifier may 
include: a first loop configured to provide Voltage when the 
phase of an input signal is positive; and a second loop con 
figured to provide Voltage when the phase of the input signal 
is negative, wherein the first loop and the second loop include 
a delay locked loop configured to compensate for reverse 
current leakage due to a delay of a Switch included therein. 
0008. The input signal may be received from a source 
resonator through magnetic coupling. 
0009. The first loop may include: a first switch configured 
to be turned on when the phase of the input signal is positive, 
based on a differential signal with respect to the input signal; 
a first delay switch to be turned on when the phase of the input 
signal is positive, based on the differential signal with respect 
to the input signal; a first delay locked loop configured to 
compensate for a delay, between when a phase of the differ 
ential signal is Switched from positive to negative and when 
the first delay Switch is turned on; and a capacitor configured 
to provide a Voltage corresponding to Substantially the maxi 
mum amplitude of the input signal. 
0010. The first delay switch may include: a comparator 
configured to receive the differential signal and to output a 
predetermined voltage when the phase of the differential sig 
nal is negative; a Voltage buffer configured to store the pre 
determined Voltage outputted from the comparator, and, 
when the stored Voltage becomes a predetermined turn-on 
Voltage, to output the turn-on Voltage; and a transistor that is 
configured to be turned on by the turn-on voltage outputted 
from the voltage buffer, wherein the first delay locked loop is 
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configured to provide a Voltage offset corresponding to a 
delay occurring due to the comparator and the Voltage buffer, 
and adds the voltage offset to the phase of the differential 
signal inputted to the comparator. 
0011. The first delay locked loop may include: a second 
comparator configured to receive the differential signal, and 
to output a predetermined Voltage when the phase of the 
differential signal is negative; a delay unit configured to 
receive the output of the voltage buffer, and to output the 
received output after adding a predetermined delay of the 
second comparator to the received output; a phase detecting 
unit configured to detect a phase difference between an output 
signal of the second comparator and an output signal of the 
delay unit; an electric charge pump configured to provide the 
Voltage offset corresponding to the phase difference; and a 
delay compensation unit configured to add the Voltage offset 
to the phase of the differential signal inputted to the compara 
tOr. 

0012. The second loop may include: a second switch con 
figured to be turned on when the phase of the input signal is 
negative; a second delay Switch configured to be turned on 
when the phase of the input signal is negative; a second delay 
locked loop configured to compensate for a delay, between 
when the phase of the input signalis Switched from positive to 
negative and when the second delay Switch is turned on; and 
a capacitor configured to provide Voltage corresponding to 
the maximum amplitude of the input signal. 
0013 The second delay switch may include: a comparator 
configured to receive the input signal, and to output a prede 
termined Voltage when the phase of the input signal is nega 
tive; a voltage buffer configured to store the predetermined 
Voltage outputted from the comparator, and, when the stored 
Voltage becomes a predetermined turn-on Voltage, to output 
the turn-on Voltage; and a transistor configured to be turned 
on by the turn-on voltage outputted from the voltage buffer, 
wherein the second delay locked loop is configured to provide 
a Voltage offset corresponding to a delay occurring due to the 
comparator and the Voltage buffer, and to add the Voltage 
offset to the phase of the input signal inputted to the compara 
tOr. 

0014. The second delay locked loop may include: a second 
comparator configured to receive the input signal, and to 
output a predetermined Voltage when the phase of the input 
signal is negative; a delay unit configured to receive the out 
put of the voltage buffer, and to output the received output 
after adding a predetermined delay of the second comparator 
to the received output; a phase detecting unit configured to 
detect a phase difference between an output signal of the 
second comparator and an output signal of the delay unit; an 
electric charge pump configured to provide the Voltage offset 
corresponding to the phase difference; and a delay compen 
sation unit configured to add the Voltage offset to the phase of 
the input signal inputted to the comparator. 
0015. According to another aspect, a wireless power 
receiver may include: a target resonator configured to receive 
electromagnetic energy from a source resonator; an active 
rectifier configured to generate a DC signal by rectifying an 
AC signal received by the target resonator; and a DC-DC 
converter to output a rectified Voltage by adjusting a signal 
level of the DC signal, wherein the active rectifier includes a 
delay locked loop that is configured to compensate for reverse 
current leakage due to a delay of a Switch included in the 
active rectifier. 
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0016. The active rectifier may include: a first loop config 
ured to provide Voltage when phase of the AC signal is posi 
tive; and a second loop configured to provide Voltage when 
the phase of the AC signal is negative, wherein the first loop 
and the second loop include a delay locked loop that is con 
figured to compensates for a reverse current leakage due to a 
delay of a switch included therein. 
0017. The first loop may include: a first switch configured 

to be turned on in a section where the phase of the AC signal 
is positive, based on a differential signal with respect to the 
AC signal; a first delay Switch configured to be turned on in 
the section where the phase of the AC signal is positive, based 
on the differential signal with respect to the AC signal; a first 
delay locked loop configured to compensate for a delay, 
between when a phase of the differential signal is switched 
from positive to negative and when the first delay switch is 
turned on; and a capacitor configured to provide a DC Voltage 
corresponding to Substantially the maximum amplitude of the 
AC signal. 
0018. The second loop may include: a second switch con 
figured to be turned on when the phase of the AC signal is 
negative; a second delay Switch configured to be turned on 
when the phase of the AC signal is negative; a second delay 
locked loop configured to compensate for a delay, between 
when the phase of the AC signal switched from positive to 
negative and when the second delay Switch is turned on; and 
a capacitor configured to provide a DC voltage corresponding 
to Substantially the maximum amplitude of the AC signal. 
0019. According to yet another aspect, an active rectifier 
may include: a first circuit configured to provide Voltage 
when the phase of an input signal is positive; and a second 
circuit configured to provide Voltage when the phase of the 
input signal is negative, wherein the first circuit, the second 
circuit, or both include a delay locked circuit that is config 
ured to compensate for reverse current leakage therein. 
0020. The first circuit, the second circuit, or both may 
include at least one switch and the delay locked circuit of one 
or both of the first circuit and the second circuit is configured 
to compensate for reverse current leakage due to a delay of the 
at least one Switch. 

0021. The at least one switch may include a transistor. And 
the transistor may include a PMOS or NMOS transistor. 
0022. The first circuit, the second circuit, or both may 
include: a switch configured to be turned on when the phase of 
the input signal is positive, based on a differential signal with 
respect to the input signal; a delay Switch to be turned on 
when the phase of the input signal is positive, based on the 
differential signal with respect to the input signal; and a 
capacitor configured to provide a Voltage corresponding to 
Substantially the maximum amplitude of the input signal, 
wherein the delay locked circuit is configured to compensate 
for a delay, between when a phase of the differential signal is 
switched from positive to negative and when the delay switch 
is turned on. 
0023 The delay switch may include: a comparator con 
figured to receive the differential signal and to output a pre 
determined voltage when the phase of the differential signal is 
negative; a Voltage buffer configured to store the predeter 
mined Voltage outputted from the comparator, and, when the 
stored Voltage becomes a predetermined turn-on Voltage, to 
output the turn-on Voltage; and a transistor configured to be 
turned on by the turn-on Voltage outputted from the Voltage 
buffer, wherein the delay locked circuit is configured to pro 
vide a Voltage offset corresponding to a delay occurring due 
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to the comparator and the voltage buffer, and to add the 
voltage offset to the phase of the differential signal inputted to 
the comparator. 
0024. The delay locked circuit may include: a second 
comparator configured to receive the differential signal, and 
to output a predetermined Voltage when the phase of the 
differential signal is negative; a delay unit configured to 
receive the output of the voltage buffer, and to output the 
received output after adding a predetermined delay of the 
second comparator to the received output; a phase detecting 
unit configured to detect a phase difference between an output 
signal of the second comparator and an output signal of the 
delay unit; an electric charge pump configured to provide the 
Voltage offset corresponding to the phase difference; and a 
delay compensation unit configured to add the Voltage offset 
to the phase of the differential signal inputted to the compara 
tOr. 

0025. An electronic device may include the active rectifier. 
0026. Other features and aspects may be apparent from the 
following detailed description, the drawings, and the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0027 FIG. 1 is a diagram illustrating a wireless power 
transmission system. 
0028 FIG. 2 is a diagram illustrating an active rectifier; 
0029 FIG.3 is a diagram illustrating rectification using an 
active rectifier; 
0030 FIG. 4 is a diagram illustrating a simulation of the 
active rectifier of FIG. 2; 
0031 FIG. 5 is a diagram illustrating an active rectifier 
having a delay locked loop; 
0032 FIG. 6 is a diagram illustrating a simulation of the 
active rectifier of FIG. 5: 
0033 FIG. 7 is a diagram illustrating a delay locked loop 
in the active rectifier; 
0034 FIGS. 8through 14 are diagrams illustrating various 
resonators; and 
0035 FIG. 15 is a diagram illustrating one equivalent cir 
cuit of the resonator for wireless power transmission of FIG. 
8. 
0036 Throughout the drawings and the detailed descrip 
tion, unless otherwise described, the same drawing reference 
numerals should be understood to refer to the same elements, 
features, and structures. The relative size and depiction of 
these elements may be exaggerated for clarity, illustration, 
and convenience. 

DETAILED DESCRIPTION 

0037. The following detailed description is provided to 
assist the reader in gaining a comprehensive understanding of 
the methods, apparatuses and/or systems described herein. 
Accordingly, various changes, modifications, and equivalents 
of the systems, apparatuses and/or methods described herein 
may be suggested to those of ordinary skill in the art. The 
progression of processing steps and/or operations described 
is an example; however, the sequence of and/or operations is 
not limited to that set forth herein and may be changed as is 
known in the art, with the exception of steps and/or operations 
necessarily occurring in a certain order. Also, descriptions of 
well-known functions and constructions may be omitted for 
increased clarity and conciseness. 
0038. One or more embodiments may provide an active 
rectifier that compensates for a reverse current leakage using 
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a delay locked loop. In some embodiments, the active rectifier 
may be used with a wireless power receiver of a wireless 
power transmission system. Of course, it will be appreciated 
that the active rectifier may be used in other electronic devices 
where power rectification may be required. 
0039 FIG. 1 illustrates a wireless power transmission sys 
tem. 

0040. The wireless power transmitted may be resonance 
power. As shown in FIG. 1, the wireless power transmission 
system may have a source-target structure including a source 
and a target. For example, the wireless power transmission 
system may include a resonance power transmitter 110 cor 
responding to the source and a resonance power receiver 120 
corresponding to the target. 
0041. The resonance power transmitter 110 may include a 
source unit 111 and a source resonator 115. The source unit 
111 may be configured to receive energy from an external 
Voltage Supplier to generate a resonance power. In some 
instances, the resonance power transmitter 110 may further 
include a matching control 113 to perform resonance fre 
quency and/or impedance matching. 
0042. The source unit 111 may include an alternating cur 
rent (AC)-to-AC (AC/AC) converter, an AC-to-direct current 
(DC) (AC/DC) converter, and a (DC/AC) inverter. The 
AC/AC converter may be configured to adjust, to a desired 
level, a signal level of an AC signal input from an external 
device. The AC/DC converter may output a DC voltage at a 
predetermined level, for instance, by rectifying an AC signal 
output from the AC/AC converter. The DC/AC inverter may 
be configured to generate an AC signal (e.g., in a band of a few 
megahertz (MHz) to tens of MHz) by quickly switching a DC 
voltage output from the AC/DC converter. Other frequencies 
of AC power are also possible. 
0043. The matching control 113 may be configured to set 
at least one of a resonance bandwidth of the source resonator 
115 and an impedance matching frequency of the Source 
resonator 115. In some implementations, the matching con 
trol 113 may include at least one of a source resonance band 
width setting unit and a source matching frequency setting 
unit. And the source resonance bandwidth setting unit may set 
the resonance bandwidth of the source resonator 115. The 
Source matching frequency setting unit may set the imped 
ance matching frequency of the source resonator 115. For 
example, a Q-factor of the source resonator 115 may be 
determined based on setting of the resonance bandwidth of 
the source resonator 115 or setting of the impedance match 
ing frequency of the source resonator 115. 
0044) The source resonator 115 may be configured to 
transfer electromagnetic energy to a target resonator 121. For 
example, the Source resonator 115 may transfer the resonance 
power to the resonance power receiver 120 through magnetic 
coupling 101 with the target resonator 121. Accordingly, the 
source resonator 115 may be configured to resonate within 
the set resonance bandwidth. 

0045. As shown, the resonance power receiver 120 may 
include the target resonator 121, a matching control 123 to 
perform resonance frequency or impedance matching, and a 
target unit 125 to transfer the received resonance power to a 
device or a load. 

0046. The target resonator 121 may be configured to 
receive the electromagnetic energy from the source resonator 
115. The target resonator 121 may be configured to resonate 
within the set resonance bandwidth. 
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0047. The matching control 123 may set at least one of a 
resonance bandwidth of the target resonator 121 and an 
impedance matching frequency of the target resonator 121. In 
Some instances, the matching control 123 may include a 
target resonance bandwidth setting unit, a target matching 
frequency setting unit, or both. The target resonance band 
width setting unit may set the resonance bandwidth of the 
target resonator 121. The target matching frequency setting 
unit may set the impedance matching frequency of the target 
resonator 121. For example, a Q-factor of the target resonator 
121 may be determined based on setting of the resonance 
bandwidth of the target resonator 121 and/or setting of the 
impedance matching frequency of the target resonator 121. 
0048. The target unit 125 may be configured to transfer the 
received resonance power to the device or load. The target 
unit 125 may include an AC/DC converter and a DC/DC 
converter. The AC/DC converter may generate a DC voltage 
by rectifying an AC signal transmitted from the Source reso 
nator 115 to the target resonator 121. And the DC/DC con 
Verter may supply a rated Voltage to a device or the load by 
adjusting the voltage level of the DC voltage. 
0049. For example, the AC/DC converter may be config 
ured as an active rectifier utilizing a delay locked loop. 
0050. In one or more embodiments, the source resonator 
115 and the target resonator 121 may be configured as a helix 
coil structured resonator, a spiral coil structured resonator, a 
meta-structured resonator, or the like. 
0051 Referring to FIG. 1, controlling the Q-factor may 
include setting the resonance bandwidth of the source reso 
nator 115 and the resonance bandwidth of the target resonator 
121, and transferring the electromagnetic energy from the 
source resonator 115 to the target resonator 121 through 
magnetic coupling 101 between the source resonator 115 and 
the target resonator 121. The resonance bandwidth of the 
source resonator 115 may be set to be wider or narrower than 
the resonance bandwidth of the target resonator 121 in some 
instances. For example, an unbalanced relationship between a 
BW-factor of the source resonator 115 and a BW-factor of the 
target resonator 121 may be maintained by setting the reso 
nance bandwidth of the source resonator 115 to be wider or 
narrower than the resonance bandwidth of the target resonator 
121. 

0.052 For wireless power transmission employing a reso 
nance scheme, the resonance bandwidth may be an important 
factor. When the Q-factor (e.g., considering a change in a 
distance between the source resonator 115 and the target 
resonator 121, a change in the resonance impedance, imped 
ance mismatching, a reflected signal, and/or the like), is Qt, 
Qt may have an inverse-proportional relationship with the 
resonance bandwidth, as given by Equation 1. 

Af 1 Equation 1 
fo Qt 

1 1 
= Tsp + - + - 

0053. In Equation 1, f, denotes a central frequency. Af 
denotes a change in abandwidth, Ts, denotes a reflection loss 
between the source resonator 115 and the target resonator 
121, BWs denotes the resonance bandwidth of the source 
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resonator 115, and BW, denotes the resonance bandwidth of 
the target resonator 121. The BW-factor may indicate either 
1/BWs or 1/BW, 
0054 Due to one or more external effects, for example, a 
change in the distance between the source resonator 115 and 
the target resonator 121, a change in a location of at least one 
of the source resonator 115 and the target resonator 121, 
and/or the like, impedance mismatching between the Source 
resonator 115 and the target resonator 121 may occur. The 
impedance mismatching may be a direct cause in decreasing 
an efficiency of power transfer. When a reflected wave corre 
sponding to a transmission signal that is partially reflected 
and returned is detected, the matching control 113 may be 
configured to determine the impedance mismatching has 
occurred, and may perform impedance matching. The match 
ing control 113 may change a resonance frequency by detect 
ing a resonance point through a waveform analysis of the 
reflected wave. The matching control 113 may determine, as 
the resonance frequency, a frequency having the minimum 
amplitude in the waveform of the reflected wave. 
0055. The source resonator 115 and/or the target resonator 
121 in FIG. 1 may have a resonator structure illustrated in 
FIGS. 8 through 14. 
0056 FIG. 2 illustrates an active rectifier 200. As shown, 
the active rectifier 200 may include a first loop and a second 
loop. The first and second loops may be circuitry. The first 
loop may be configured to provide Voltage when a phase of an 
input AC signal is positive, and the second loop may be 
configured to provide voltage when the phase of the input AC 
signal is negative. The first loop may include a first Switch 
210, a first delay switch 220, and a capacitor 270. In some 
embodiments, the first switch 210 may include a p-channel 
metal-oxide semiconductor (PMOS) transistor 212, and may 
be turned “on” (or otherwise activated) when the phase of the 
input AC signal is positive, based on a differential signal with 
respect to the input AC signal. The first delay switch 220 may 
be turned “on” in the section when the phase of the AC signal 
is positive, based on the differential signal with respect to the 
AC signal. The capacitor 270 may be configured to provide a 
DC voltage corresponding to Substantially the maximum 
amplitude of the AC signal. 
0057 The first delay switch 220 may include a comparator 
222, a voltage buffer 224, and a transistor 226. The compara 
tor 222 may receive the differential signal and may output a 
predetermined voltage when the phase of the differential sig 
nal is negative. The voltage buffer 224 may be configured to 
store the predetermined Voltage outputted from the compara 
tor 222, and, when the stored Voltage becomes a predeter 
mined turn-on Voltage, may output the turn-on Voltage. The 
transistor 226 may be turned “on” based on the turn-on volt 
age outputted from the voltage buffer 224. In some embodi 
ments, the transistor 226 may correspond to an n-channel 
metal-oxide semiconductor (NMOS) transistor. 
0058. The second loop may include a second switch 240, 
a second delay switch 250, and a capacitor 270. For example, 
the second switch 240 may include a PMOS transistor 242, 
and may be turned “on” when the phase of the AC signal is 
negative. The second delay switch 250 may be turned “on” 
when the phase of the input AC signal is negative. The capaci 
tor 270 may provide a DC voltage corresponding to substan 
tially the maximum amplitude of the AC signal. 
0059. The second delay switch 250 may include a com 
parator 252, a voltage buffer 254, and a transistor 256. The 
comparator 252 may receive the AC signal as an input, and 
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may output a predetermined Voltage in the section where the 
phase of the AC signal is negative. The voltage buffer 254 may 
store a predetermined Voltage outputted from the comparator 
252, and, when the storage Voltage becomes a predetermined 
turn-on Voltage, may output the turn-on Voltage. The transis 
tor 256 may be turned on or otherwise actuated by the turn-on 
voltage outputted from the voltage buffer 254. In some 
embodiments, the transistor 256 may correspond to an 
NMOS transistor. 
0060 FIG. 3 illustrates rectification using an active recti 

fier. Referring to FIG. 3, voltage drop may not occur in the 
active rectifier. Thus, a voltage V may be rectified to a voltage 
of (V/2)V. V. denotes peak-to-peak Swing of an 
inputted AC power. 
0061 Accordingly, when the voltage drop of the rectifier 

is removed, efficiency of the rectifier may be maximized. 
However, unlike conventional passive rectifiers, reverse cur 
rent leakage may occur in the active rectifier. 
0062 FIG. 4 illustrates a simulation of the active rectifier 
of FIG.2. In FIG.4, the circle denotes a portion where reverse 
current leakage occurs. In the active rectifier 200, reverse 
current leakage may cause a delay between a comparator and 
a voltage buffer. For example, referring to FIG. 2, the com 
parator may include the comparator 222 and/or the compara 
tor 252, and the voltage buffer may include the voltage buffer 
224 and/or the voltage buffer 254. One or more switches 
include in the active rectifier may not be turned “off at the 
appropriate time due to the delay, and thus reverse current 
leakage may occur. The Switches may be transistors, for 
instance. As shown in FIG. 2, the transistor may be the tran 
sistor 226 and/or the transistor 256. The reverse current leak 
age may cause power loss and thus, high power conversion 
efficiency may not be realized. 
0063. According to one or more embodiments, the reverse 
current leakage occurring in the active rectifier 220 may be 
overcome using a delay locked loop of FIG. 5. 
0064 FIG. 5 illustrates an active rectifier 500 having a 
delay locked loop. 
0065. As shown, the active rectifier 500 may include a first 
loop and a second loop. The first and second loops may be 
circuitry. The first loop may be configured to provide Voltage 
when the phase of an input AC signal is positive, and the 
second loop may provide Voltage when the phase of the input 
AC signal is negative. One or both of the first loop and the 
second loop may include a delay locked loop that is config 
ured to compensate for a reverse current leakage caused by a 
delay of a switch included in the first loop and/or the second 
loop of the active rectifier. The delay locked loop may be 
circuitry, for instance. 
0066. As shown, the first loop may include a first switch 
510, a first delay switch 520, a first delay locked loop 530, and 
a capacitor 570. For example, the first switch 510 may include 
a transistor 512, and may be turned on or otherwise actuated 
when the phase of the input AC signal is positive, based on a 
differential signal with respect to the AC signal. Transistor 
512 may be a PMOS transistor, for example. The first delay 
switch 520 may be turned on when the phase of the AC signal 
is positive, based on the differential signal with respect to the 
input AC signal. The first delay locked loop 530 may be 
configured to compensate for a delay, between when a phase 
of the differential is switched from positive to negative and 
when the first delay switch 520 is turned on. The capacitor 
570 may be configured to provide a DC voltage correspond 
ing to the maximum amplitude of the AC signal. 
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0067. The first delay switch 520 may include a comparator 
526, a voltage buffer 524, and a transistor 522. The compara 
tor 526 may receive the differential signal, and may output a 
predetermined voltage when the phase of the differential sig 
nal is negative. The voltage buffer 524 may store the prede 
termined voltage outputted from the comparator 526, and, 
when the stored Voltage becomes a predetermined turn-on 
Voltage, may output the turn-on Voltage. The transistor 522 
and may be turned on based on the turn-on Voltage outputted 
from the Voltage buffer 524. In some instances, transistor 522 
may be a NMOS transistor. 
0068. The first delay locked loop 530 may be configured to 
generate or provide a Voltage offset corresponding to a delay 
caused by the comparator 526 and the voltage buffer 524, and 
add the voltage offset to the phase of the differential signal 
inputted to the comparator 526. 
0069. The second loop may include a second switch 540, 
a second delay switch 550, a second delay locked loop 560, 
and a capacitor 570. For example, the second switch 540 may 
include a transistor 542, and may be turned on when the phase 
of the input AC signal is negative. Transistor 542 may be a 
PMOS transistor, for example. The second delay switch 550 
may be turned on when the phase of the input AC signal is 
negative. The second delay locked loop 560 may be config 
ured to compensate for a delay, between when the phase of the 
AC signal is Switched from positive to negative and when the 
second delay switch 550 is turned on. The capacitor 570 may 
be configured to provide a DC voltage corresponding to Sub 
stantially the maximum amplitude of the AC signal. 
0070. The second delay switch 550 may include a com 
parator 556, a voltage buffer 554, and a transistor 552. The 
comparator 556 may receive the AC signal as an input, and 
may output a predetermined Voltage in the section when the 
phase of the AC signal is negative. The voltage buffer 554 may 
store the predetermined Voltage outputted from the compara 
tor 556, and, when the stored voltage becomes a predeter 
mined turn-on Voltage, may output the turn-on Voltage. The 
transistor 552 and may be turned on by the turn-on voltage 
outputted from the voltage buffer 554. In some instances, 
transistor 552 may be a NMOS transistor. The second delay 
locked loop 560 may generate or provide a voltage offset 
corresponding to a delay caused by the comparator 556 and 
the voltage buffer 554, and may add the voltage offset to the 
phase of the AC signal inputted to the comparator 556. 
0071 FIG. 6 illustrates simulation results of the active 
rectifier 500 of FIG. 5. As will be appreciated, the active 
rectifier 500 may be configured to substantially compensate 
for the reverse current leakage using a Voltage offset corre 
sponding to a delay that is obtained using a delay locked loop, 
for example, the delay locked loop 530 and the delay locked 
loop 560. 
0072 FIG. 7 illustrates one embodiment of the second 
delay locked loop 560 for use in the active rectifier 500 of 
FIG. 5. As shown, the second delay locked loop 560 may 
include a second comparator 710, a delay unit 720, a phase 
detecting unit 730, an electric charge pump 740, and a delay 
compensation unit 750. 
0073. The second comparator 710 may receive an AC 
signal as an input, and may output a predetermined Voltage in 
a section when the phase of the input AC signal is negative. 
The delay unit 720 may receive an output of the voltage buffer 
554 and may output the received output after adding a prede 
termined delay corresponding to the second comparator 710 
to the received output. The phase detecting unit 730 may be 

Mar. 1, 2012 

configured to detect a phase difference between an output 
signal of the second comparator 710 and an output signal of 
the delay unit 720, and may transmit the phase difference to 
the electric charge pump 740. The electric charge pump 740 
may provide a Voltage offset corresponding to the phase dif 
ference detected from the phase detecting unit 730. The delay 
compensation unit 750 may provide, to the comparator 556, 
the voltage offset after adding the phase of the AC signal 
inputted to the comparator 556 to the voltage offset. 
(0074 The first delay locked loop 530 may also be embod 
ied in the same manner as the delay locked loop of FIG. 7 in 
Some embodiments. 
0075 Referring again to FIG. 1, the source resonator 115 
and/or the target resonator 121 may be configured as a helix 
coil structured resonator, a spiral coil structured resonator, a 
meta-structured resonator, and the like. 
0076 An electromagnetic characteristic of many materi 
als found in nature is that they have a unique magnetic per 
meability or a unique permittivity. Most materials typically 
have a positive magnetic permeability or a positive permit 
tivity. Thus, for these materials, a right hand rule may be 
applied to an electric field, a magnetic field, and a pointing 
vector and thus, the corresponding materials may be referred 
to as right handed materials (RHMs). 
0077 On the other hand, a material having a magnetic 
permeability or a permittivity which is not ordinarily found in 
nature or is artificially-designed (or man-made) may be 
referred to herein as a “metamaterial.” Metamaterials may be 
classified into an epsilon negative (ENG) material, a mu 
negative (MNG) material, a double negative (DNG) material, 
a negative refractive index (NRI) material, a left-handed (LH) 
material, and the like, based on a sign of the corresponding 
permittivity or magnetic permeability. 
0078. The magnetic permeability may indicate a ratio 
between a magnetic flux density occurring with respect to a 
given magnetic field in a corresponding material and a mag 
netic flux density occurring with respect to the given mag 
netic field in a vacuum state. The permittivity indicates a ratio 
between an electric flux density occurring with respect to a 
given electric field in a corresponding material and an electric 
flux density occurring with respect to the given electric field 
in a vacuum state. The magnetic permeability and the permit 
tivity may determine a propagation constant of a correspond 
ing material in a given frequency or a given wavelength. An 
electromagnetic characteristic of the corresponding material 
may be determined based on the magnetic permeability and 
the permittivity. According to an aspect, the metamaterial 
may be easily disposed in a resonance State without signifi 
cant material size changes. This may be practical for a rela 
tively large wavelength area or a relatively low frequency 
area. FIG. 8 illustrates a resonator 800 having a two-dimen 
sional (2D) structure. 
(0079. As shown, the resonator 800 having the 2D structure 
may include a transmission line, a capacitor 820, a matcher 
830, and conductors 841 and 842. The transmission line may 
include, for instance, a first signal conducting portion 811, a 
second signal conducting portion 812, and a ground conduct 
ing portion 813. 
0080. The capacitor 820 may be inserted or otherwise 
positioned in series between the first signal conducting por 
tion 811 and the second signal conducting portion 812 so that 
an electric field may be confined within the capacitor 820. In 
various implementations, the transmission line may include 
at least one conductor in an upper portion of the transmission 
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line, and may also include at least one conductor in a lower 
portion of the transmission line. Current may flow through the 
at least one conductor disposed in the upper portion of the 
transmission line and the at least one conductor disposed in 
the lower portion of the transmission may be electrically 
grounded. As shown in FIG. 8, the resonator 800 may be 
configured to have a generally 2D structure. The transmission 
line may include the first signal conducting portion 811 and 
the second signal conducting portion 812 in the upperportion 
of the transmission line, and may include the ground conduct 
ing portion 813 in the lower portion of the transmission line. 
As shown, the first signal conducting portion 811 and the 
second signal conducting portion 812 may be disposed to face 
the ground conducting portion 813 with current flowing 
through the first signal conducting portion 811 and the second 
signal conducting portion 812. 
0081. In some implementations, one end of the first signal 
conducting portion 811 may be electrically connected (i.e., 
shorted) to a conductor 842, and another end of the first signal 
conducting portion 811 may be connected to the capacitor 
820. One end of the second signal conducting portion 812 
may be grounded to the conductor 841, and another end of the 
second signal conducting portion 812 may be connected to 
the capacitor 820. Accordingly, the first signal conducting 
portion 811, the second signal conducting portion 812, the 
ground conducting portion 813, and the conductors 841 and 
842 may be connected to each other such that the resonator 
800 may have an electrically "closed-loop structure.” The 
term "closed-loop structure' as used herein, may include a 
polygonal structure, for example, a circular structure, a rect 
angular structure, or the like that is electrically closed. 
0082. The capacitor 820 may be inserted into an interme 
diate portion of the transmission line. For instance, the 
capacitor 820 may be inserted into a space between the first 
signal conducting portion 811 and the second signal conduct 
ing portion 812. The capacitor 820 may be configured, in 
Some instances, as a lumped element, a distributed element, 
or the like. For example, a distributed capacitor may be con 
figured as a distributed element and may include ZigZagged 
conductor lines and a dielectric material having a relatively 
high permittivity between the ZigZagged conductor lines. 
0083. When the capacitor 820 is inserted into the trans 
mission line, the resonator 800 may have a property of a 
metamaterial, as discussed above. For example, the resonator 
800 may have a negative magnetic permeability due to the 
capacitance of the capacitor 820. If so, the resonator 800 may 
also be referred to as a mu negative (MNG) resonator. Various 
criteria may be applied to determine the capacitance of the 
capacitor 820. For example, the criteria for enabling the reso 
nator 800 to have the characteristic of the metamaterial may 
include one or more of the following: a criterion for enabling 
the resonator 800 to have a negative magnetic permeability in 
a target frequency, a criterion for enabling the resonator 800 
to have a Zeroth order resonance characteristic in the target 
frequency, or the like. The resonator 800, which may also be 
referred to as the MNG resonator 800, may also have a zeroth 
order resonance characteristic (i.e., having, as a resonance 
frequency, a frequency when a propagation constant is “0”). If 
the resonator 800 has a zeroth order resonance characteristic, 
the resonance frequency may be independent with respect to 
a physical size of the MNG resonator 800. Moreover, by 
appropriately designing (or configuring) the capacitor 820, 
the MNG resonator 800 may sufficiently change the reso 
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nance frequency without Substantially changing the physical 
size of the MNG resonator 800. 
I0084. In a near field, for instance, the electric field may be 
concentrated on the capacitor 820 inserted into the transmis 
sion line. Accordingly, due to the capacitor 820, the magnetic 
field may become dominant in the near field. In one or more 
embodiments, the MNG resonator 800 may have a relatively 
high Q-factor using the capacitor 820 of the lumped element. 
Thus, it may be possible to enhance power transmission effi 
ciency. For example, the Q-factor indicates a level of an 
ohmic loss or a ratio of a reactance with respect to a resistance 
in the wireless power transmission. The efficiency of the 
wireless power transmission may increase according to an 
increase in the Q-factor. 
I0085. The MNG resonator 800 may include a matcher 830 
for impedance-matching. The matcher 830 may be config 
ured to appropriately determine and adjust the strength of the 
magnetic field of the MNG resonator 800. Depending on the 
configuration, current may flow in the MNG resonator 800 
via a connector, or may flow out from the MNG resonator 800 
via the connector. The connector may be connected to the 
ground conducting portion 813 or the matcher 830. In some 
instances, the power may be transferred through coupling 
without using a physical connection between the connector 
and the ground conducting portion 813 or the matcher 830. 
I0086. As shown in FIG. 8, the matcher 830 may be posi 
tioned within the loop formed by the loop structure of the 
resonator 800. The matcher 830 may be configured to adjust 
the impedance of the resonator 800 by changing the physical 
shape of the matcher 830. For example, the matcher 830 may 
include the conductor 831 for the impedance-matching posi 
tioned in a location that is separate from the ground conduct 
ing portion 813 by a distance h. The impedance of the reso 
nator 800 may be changed by adjusting the distance h. 
I0087. In some instances, a controller may be provided to 
control the matcher 830 which generates and transmits a 
control signal to the matcher 830 directing the matcher to 
change its physical shape so that the impedance of the reso 
nator may be adjusted. For example, the distanceh between a 
conductor 831 of the matcher 830 and the ground conducting 
portion 813 may be increased or decreased based on the 
control signal. The controller may generate the control signal 
based on various factors. 

I0088. As shown in FIG. 8, the matcher 830 may be con 
figured as a passive element such as the conductor 831, for 
example. Of course in other embodiments, the matcher 830 
may be configured as an active element Such as a diode, a 
transistor, or the like. If the active element is included in the 
matcher 830, the active element may be driven based on the 
control signal generated by the controller, and the impedance 
of the resonator 800 may be adjusted based on the control 
signal. For example, when the active element is a diode 
included in the matcher 830, the impedance of the resonator 
800 may be adjusted depending on whether the diode is in an 
ON State or in an OFF state. 
I0089. In some instances, a magnetic core may be further 
provided to pass through the MNG resonator 800. The mag 
netic core may perform a function of increasing a power 
transmission distance. 
(0090 FIG. 9 illustrates a resonator 900 having a three 
dimensional (3D) structure. Referring to FIG.9, the resonator 
900 having the 3D structure may include a transmission line 
and a capacitor 920. The transmission line may include a first 
signal conducting portion 911, a second signal conducting 
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portion 912, and a ground conducting portion 913. The 
capacitor 920 may be inserted, for instance, in series between 
the first signal conducting portion 911 and the second signal 
conducting portion 912 of the transmission link Such that an 
electric field may be confined within the capacitor 920. 
0091. As shown in FIG. 9, the resonator 900 may have a 
generally 3D structure. The transmission line may include the 
first signal conducting portion 911 and the second signal 
conducting portion 912 in an upper portion of the resonator 
900, and may include the ground conducting portion 913 in a 
lower portion of the resonator 900. The first signal conducting 
portion 911 and the second signal conducting portion 912 
may be disposed to face the ground conducting portion 913. 
In this arrangement, current may flow in an X direction 
through the first signal conducting portion 911 and the second 
signal conducting portion 912. Due to the current, a magnetic 
field H(W) may be formed in a -y direction. However, it will 
be appreciated that the magnetic field H(W) might also be 
formed in other directions (e.g., a +y direction) in other 
implementations. 
0092. In one or more embodiments, one end of the first 
signal conducting portion 911 may be electrically connected 
(i.e., shorted) to a conductor 942, and another end of the first 
signal conducting portion 911 may be connected to the 
capacitor 920. One end of the second signal conducting por 
tion 912 may be grounded to the conductor 941, and another 
end of the second signal conducting portion 912 may be 
connected to the capacitor 920. Accordingly, the first signal 
conducting portion 911, the second signal conducting portion 
912, the ground conducting portion 913, and the conductors 
941 and 942 may be connected to each other, whereby the 
resonator 900 may have an electrically closed-loop structure. 
As shown in FIG. 9, the capacitor 920 may be inserted or 
otherwise positioned between the first signal conducting por 
tion 911 and the second signal conducting portion 912. For 
example, the capacitor 920 may be inserted into a space 
between the first signal conducting portion 911 and the sec 
ond signal conducting portion 912. The capacitor 920 may 
include, for example, a lumped element, a distributed ele 
ment, and the like. In one implementation, a distributed 
capacitor having the shape of the distributed element may 
include ZigZagged conductor lines and a dielectric material 
having a relatively high permittivity positioned between the 
ZigZagged conductor lines. 
0093. When the capacitor 920 is inserted into the trans 
mission line, the resonator 900 may have a property of a 
metamaterial, in Some instances, as discussed above. 
0094 For example, when the capacitance of the capacitor 
inserted as the lumped element is appropriately determined, 
the resonator 900 may have the characteristic of the metama 
terial. And when the resonator 900 has a negative magnetic 
permeability by appropriately adjusting the capacitance of 
the capacitor 920, the resonator 900 may also be referred to as 
an MNG resonator. Various criteria may be applied to deter 
mine the capacitance of the capacitor 920. For example, the 
criteria may include one or more of the following: a criterion 
for enabling the resonator 900 to have the characteristic of the 
metamaterial, a criterion for enabling the resonator 900 to 
have a negative magnetic permeability in a target frequency, a 
criterion enabling the resonator 900 to have a zeroth order 
resonance characteristic in the target frequency, or the like. 
Based on at least one criterion among the aforementioned 
criteria, the capacitance of the capacitor 920 may be deter 
mined. 
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(0095. The resonator 900, which may also be referred to as 
the MNG resonator 900, may have a zeroth order resonance 
characteristic (i.e., having, as a resonance frequency, a fre 
quency when a propagation constant is 'O'). If the resonator 
900 has a zeroth order resonance characteristic, the resonance 
frequency may be independent with respect to a physical size 
of the MNG resonator 900. Thus, by appropriately designing 
(or configuring) the capacitor 920, the MNG resonator 900 
may sufficiently change the resonance frequency without 
changing the physical size of the MNG resonator 900. 
(0096. Referring to the MNG resonator 900 of FIG.9, in a 
near field, the electric field may be concentrated on the 
capacitor 920 inserted into the transmission line. Accord 
ingly, due to the capacitor 920, the magnetic field may 
become dominant in the near field. And, since the MNG 
resonator 900 having the zeroth-order resonance characteris 
tic may have characteristics similar to a magnetic dipole, the 
magnetic field may become dominant in the near field. A 
relatively small amount of the electric field formed due to the 
insertion of the capacitor 920 may be concentrated on the 
capacitor 920 and thus, the magnetic field may become fur 
ther dominant. 

(0097. Also, the MNG resonator 900 may include a 
matcher 930 for impedance-matching. The matcher 930 may 
be configured to appropriately adjust the strength of magnetic 
field of the MNG resonator 900. The impedance of the MNG 
resonator 900 may be determined by the matcher 930. In one 
or more embodiments, current may flow in the MNG resona 
tor 900 via a connector 940, or may flow out from the MNG 
resonator 900 via the connector 940. And the connector 940 
may be connected to the ground conducting portion 913 or the 
matcher 930. 

(0098. As shown in FIG. 9, the matcher 930 may be posi 
tioned within the loop formed by the loop structure of the 
resonator 900. The matcher 930 may be configured to adjust 
the impedance of the resonator 900 by changing the physical 
shape of the matcher 930. For example, the matcher 930 may 
include the conductor 931 for the impedance-matching in a 
location separate from the ground conducting portion 913 by 
a distance h. The impedance of the resonator 900 may be 
changed by adjusting the distance h. 
0099. In some implementations, a controller may be pro 
vided to control the matcher 930. In this case, the matcher 930 
may change the physical shape of the matcher 930 based on a 
control signal generated by the controller. For example, the 
distanceh between the conductor 931 of the matcher 930 and 
the ground conducting portion 913 may increase or decrease 
based on the control signal. Accordingly, the physical shape 
of the matcher 930 may be changed such that the impedance 
of the resonator 900 may be adjusted. The distanceh between 
the conductor 931 of the matcher 930 and the ground con 
ducting portion 913 may be adjusted using a variety of 
schemes. As one example, a plurality of conductors may be 
included in the matcher 930 and the distance h may be 
adjusted by adaptively activating one of the conductors. Alter 
natively or additionally, the distance h may be adjusted by 
adjusting the physical location of the conductor 931 up and 
down. For instance, the distanceh may be controlled based on 
the control signal of the controller. The controller may gen 
erate the control signal using various factors. As shown in 
FIG. 9, the matcher 930 may be configured as a passive 
element such as the conductor 931, for instance. Of course, in 
other embodiments, the matcher 930 may be configured as an 
active element such as a diode, a transistor, or the like. When 
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the active element is included in the matcher 930, the active 
element may be driven based on the control signal generated 
by the controller, and the impedance of the resonator 900 may 
be adjusted based on the control signal. For example, if the 
active element is a diode included in the matcher 930, the 
impedance of the resonator 900 may be adjusted depending 
on whether the diode is in an ON state or in an OFF state. 
0100. In some implementations, a magnetic core may be 
further provided to pass through the resonator 900 configured 
as the MNG resonator. The magnetic core may perform a 
function of increasing a power transmission distance. 
0101 FIG. 10 illustrates a resonator 1000 for a wireless 
power transmission configured as a bulky type. As used 
herein, the term “bulky type' may refer to a seamless con 
nection connecting at least two parts in an integrated form. As 
shown, a first signal conducting portion 1011 and a conductor 
1042 may be integrally formed instead of being separately 
manufactured and thereby be connected to each other. Simi 
larly, the second signal conducting portion 1012 and a con 
ductor 1041 may also be integrally manufactured. 
0102. When the second signal conducting portion 1012 
and the conductor 1041 are separately manufactured and then 
are connected to each other, a loss of conduction may occur 
due to a seam 1050. Thus, in some implementations, the 
second signal conducting portion 1012 and the conductor 
104.1 may be connected to each other without using a separate 
seam (i.e., seamlessly connected to each other). Accordingly, 
it is possible to decrease a conductor loss caused by the seam 
1050. For instance, the second signal conducting portion 
1012 and a ground conducting portion 1013 may be seam 
lessly and integrally manufactured. Similarly, the first signal 
conducting portion 1011, the conductor 1042 and the ground 
conducting portion 1013 may be seamlessly and integrally 
manufactured. 
0103) A matcher 1030 may be provided that is similarly 
constructed as described herein in one or more embodiments. 
FIG. 11 illustrates a resonator 1100 for a wireless power 
transmission, configured as a hollow type. 
0104 Referring to FIG. 11, one or more of a first signal 
conducting portion 1111, a second signal conducting portion 
1112, a ground conducting portion 1113, and conductors 
1141 and 1142 of the resonator 1100 configured as the hollow 
type structure. As used herein the term “hollow type' refers to 
a configuration that may include an empty space inside. 
0105 For a given resonance frequency, an active current 
may be modeled to flow in only a portion of the first signal 
conducting portion 1111 instead of all of the first signal 
conducting portion 1111, the second signal conducting por 
tion 1112 instead of all of the second signal conducting por 
tion 1112, the ground conducting portion 1113 instead of all 
of the ground conducting portion 1113, and the conductors 
1141 and 1142 instead of all of the conductors 1141 and 1142. 
When a depth of each of the first signal conducting portion 
1111, the second signal conducting portion 1112, the ground 
conducting portion 1113, and the conductors 1141 and 1142 
is significantly deeper than a corresponding skin depth in the 
given resonance frequency, it may be ineffective. The signifi 
cantly deeper depth may, however, increase the weight or the 
manufacturing costs of the resonator 1100 in some instances 
0106. Accordingly, for the given resonance frequency, the 
depth of each of the first signal conducting portion 1111, the 
second signal conducting portion 1112, the ground conduct 
ing portion 1113, and the conductors 1141 and 1142 may be 
appropriately determined based on the corresponding skin 
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depth of each of the first signal conducting portion 1111, the 
second signal conducting portion 1112, the ground conduct 
ing portion 1113, and the conductors 1141 and 1142. When 
each of the first signal conducting portion 1111, the second 
signal conducting portion 1112, the ground conducting por 
tion 1113, and the conductors 1141 and 1142 has an appro 
priate depth deeper than a corresponding skin depth, the 
resonator 1100 may become lighter, and manufacturing costs 
of the resonator 1100 may also decrease. 
0107 For example, as shown in FIG. 11, the depth of the 
second signal conducting portion 1112 (as further illustrated 
in the enlarged view region 1160 indicated by a circle) may be 
determined as 'd' mm and d may be determined according to 

1 
d = 

Here, faenotes a frequency, LL denotes a magnetic permeabil 
ity, and O denotes a conductor constant. In one embodiment, 
when the first signal conducting portion 1111, the second 
signal conducting portion 1112, the ground conducting por 
tion 1113, and the conductors 1141 and 1142 are made of a 
copper and they may have a conductivity of 5.8x10" siemens 
per meter (Sm-1), the skin depth may be about 0.6 mm with 
respect to 10 kHz of the resonance frequency and the skin 
depth may be about 0.006 mm with respect to 100 MHz of the 
resonance frequency. A capacitor 1120 and a matcher 1130 
may be provided that are similarly constructed as described 
herein in one or more embodiments. 

0.108 FIG. 12 illustrates a resonator 1200 for a wireless 
power transmission using a parallel-sheet. 
0109 Referring to FIG. 12, the parallel-sheet may be 
applicable to each of a first signal conducting portion 1211 
and a second signal conducting portion 1212 included in the 
resonator 1200. 

0110. One or both of first signal conducting portion 1211 
and the second signal conducting portion 1212 may not be a 
perfect conductor and thus, may have an inherent resistance. 
Due to this resistance, an ohmic loss may occur. The ohmic 
loss may decrease a Q-factor and also decrease a coupling 
effect. 

0111. By applying the parallel-sheet to the first signal 
conducting portion 1211 and the second signal conducting 
portion 1212, it may be possible to decrease the ohmic loss, 
and to increase the Q-factor and the coupling effect. Referring 
to the enlarged view portion 1270 indicated by a circle, when 
the parallel-sheet is applied, each of the first signal conduct 
ing portion 1211 and the second signal conducting portion 
1212 may include a plurality of conductor lines. The plurality 
of conductor lines may be disposed in parallel, and may be 
electrically connected (i.e., shorted) at an end portion of each 
of the first signal conducting portion 1211 and the second 
signal conducting portion 1212. 
0112. When the parallel-sheet is applied to each of the first 
signal conducting portion 1211 and the second signal con 
ducting portion 1212, the plurality of conductor lines may be 
disposed in parallel. Accordingly, a sum of resistances having 
the conductor lines may decrease. Consequently, the resis 
tance loss may decrease, and the Q-factor and the coupling 
effect may increase. 



US 2012/0051 1 09 A1 

0113. A capacitor 1220 and a matcher 1230 positioned on 
the ground conducting portion 1213 may be provided that are 
similarly constructed as described herein in one or more 
embodiments. 
0114 FIG. 13 illustrates a resonator 1300 for a wireless 
power transmission, including a distributed capacitor. 
0115 Referring to FIG. 13, a capacitor 1320 included in 
the resonator 1300 is configured for the wireless power trans 
mission. A capacitor as a lumped element may have a rela 
tively high equivalent series resistance (ESR). A variety of 
schemes have been proposed to decrease the ESR contained 
in the capacitor of the lumped element. According to an 
embodiment, by using the capacitor 1320 as a distributed 
element, it may be possible to decrease the ESR. As will be 
appreciated, a loss caused by the ESR may decrease a Q-fac 
tor and a coupling effect. 
0116. As shown in FIG. 13, the capacitor 1320 may be 
configured as a conductive line having the ZigZagged struc 
ture. 

0117. By employing the capacitor 1320 as the distributed 
element, it may be possible to decrease the loss occurring due 
to the ESR in some instances. In addition, by disposing a 
plurality of capacitors as lumped elements, it may be possible 
to decrease the loss occurring due to the ESR. Since a resis 
tance of each of the capacitors as the lumped elements 
decreases through a parallel connection, active resistances of 
parallel-connected capacitors as the lumped elements may 
also decrease whereby the loss occurring due to the ESR may 
decrease. For example, by employing ten capacitors of 1 pF 
each instead of using a single capacitor of 10 pF, it may be 
possible to decrease the loss occurring due to the ESR in some 
instances. 
0118 FIG. 14A illustrates one embodiment of the matcher 
830 used in the resonator 800 provided in the 2D structure of 
FIG. 8, and FIG. 14B illustrates one embodiment of the 
matcher 930 used in the resonator 900 provided in the 3D 
Structure of FIG. 9. 
0119 FIG. 14A illustrates a portion of the 2D resonator 
including the matcher 830, and FIG. 14B illustrates a portion 
of the 3D resonator of FIG. 9 including the matcher 930. 
0120 Referring to FIG. 14A, the matcher 830 may include 
the conductor 831, a conductor 832, and a conductor 833. The 
conductors 832 and 833 may be connected to the ground 
conducting portion 813 and the conductor 831. The imped 
ance of the 2D resonator may be determined based on a 
distance h between the conductor 831 and the ground con 
ducting portion 813, for instance. The distanceh between the 
conductor 831 and the ground conducting portion 813 may be 
controlled by the controller. The distanceh between the con 
ductor 831 and the ground conducting portion 813 may be 
adjusted using a variety of Schemes. For example, the 
schemes may include one or more of the following: a scheme 
of adjusting the distanceh by adaptively activating one of the 
conductors 831, 832, and 833, a scheme of adjusting the 
physical location of the conductor 831 up and down, or the 
like. 
0121 Referring to FIG.14B, the matcher 930 may include 
the conductor 931, a conductor 932, a conductor 933 and 
conductors 941 and 942. The conductors 932 and 933 may be 
connected to the ground conducting portion 913 and the con 
ductor 931. The conductors 932 and 933 may be connected to 
the ground conducting portion 913 and the conductor 931. 
The impedance of the 3D resonator may be determined based 
on a distance h between the conductor 931 and the ground 
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conducting portion 913. The distanceh between the conduc 
tor 931 and the ground conducting portion 913 may be con 
trolled by the controller, for example. Similar to the matcher 
830 included in the 2D structured resonator, in the matcher 
930 included in the 3D structured resonator, the distance h 
between the conductor 931 and the ground conducting por 
tion 913 may be adjusted using a variety of schemes. For 
example, the schemes may include one or more of the follow 
ing: a scheme of adjusting the distanceh by adaptively acti 
vating one of the conductors 931,932, and 933, a scheme of 
adjusting the physical location of the conductor 931 up and 
down, or the like. 
0122. In some implementations, the matcher may include 
an active element. Thus, a scheme of adjusting an impedance 
of a resonator using the active element may be similar as 
described above. For example, the impedance of the resonator 
may be adjusted by changing a path of a current flowing 
through the matcher using the active element. 
I0123 FIG. 15 illustrates one equivalent circuit of the reso 
nator 800 for the wireless power transmission of FIG. 8. 
(0.124. The resonator 800 of FIG.8 for the wireless power 
transmission may be modeled to the equivalent circuit of FIG. 
15. In the equivalent circuit depicted in FIG. 15, L. denotes an 
inductance of the power transmission line, C, denotes the 
capacitor 820 that is inserted in a form of a lumped element in 
the middle of the power transmission line, and C denotes a 
capacitance between the power transmissions and/or ground 
of FIG. 8. 

0.125. In some instances, the resonator 800 may have a 
Zeroth resonance characteristic. For example, when a propa 
gation constant is “0”, the resonator 800 may be assumed to 
have ().2 as a resonance frequency. The resonance fre 
quency (DZ may be expressed by Equation 2. 

1 Equation 2 
(t Mar-VI 

I0126. In Equation 2, MZR denotes a Mu Zero resonator. 
I0127. Referring to Equation 2, the resonance frequency 
() of the resonator 800 may be determined by L/C. A 
physical size of the resonator 800 and the resonance fre 
quency () may be independent with respect to each other. 
Since the physical sizes are independent with respect to each 
other, the physical size of the resonator 800 may be suffi 
ciently reduced. 
I0128. One or more embodiments may provide an active 
rectifier that compensates for a reverse current leakage using 
a delay locked loop. In some embodiments, a wireless power 
receiver may use the active rectifier to remove a Voltage drop 
occurring in a passive rectifier. For example, the wireless 
power receiver may compensate for reverse current leakage 
occurring in the active rectifier using a delay locked loop. The 
compensation, using the delay locked loop, for the reverse 
current leakage may be performed by changing a compensa 
tion value based on a change in an inputted AC Voltage. 
I0129. The units described herein may be implemented 
using hardware components and/or software components in 
various embodiments. For example, a processing device may 
be implemented using one or more general-purpose or special 
purpose computers, such as, for example, a processor, a con 
troller and an arithmetic logic unit, a digital signal processor, 
a microcomputer, a field programmable array, a program 
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mable logic unit, a microprocessor or any other device 
capable of responding to and executing instructions in a 
defined manner. The processing device may run an operating 
system (OS) and one or more software applications that run 
on the OS. The processing device also may access, store, 
manipulate, process, and create data in response to execution 
of the software. For purpose of simplicity, the description of 
a processing device is used as singular; however, one skilled 
in the art will appreciated that a processing device may 
include multiple processing elements and multiple types of 
processing elements. For example, a processing device may 
include multiple processors or a processor and a controller. In 
addition, different processing configurations are possible, 
Such a parallel processors. 
0130. The software may include a computer program, a 
piece of code, an instruction, or some combination thereof, 
for independently or collectively instructing or configuring 
the processing device to operate as desired. Software and data 
may be embodied permanently or temporarily in any type of 
machine, component, physical or virtual equipment, com 
puter storage medium or device, or in a propagated signal 
wave capable of providing instructions or data to or being 
interpreted by the processing device. The Software also may 
be distributed over network coupled computer systems so that 
the software is stored and executed in a distributed fashion. In 
particular, the Software and data may be stored by one or more 
computer readable recording mediums. The computer read 
able recording medium may include any data storage device 
that can store data which can be thereafter read by a computer 
system or processing device. Examples of the computer read 
able recording medium include read-only memory (ROM), 
random-access memory (RAM), CD-ROMs, magnetic tapes, 
floppy disks, optical data storage devices. Also, functional 
programs, codes, and code segments for accomplishing the 
example embodiments disclosed herein can be easily con 
strued by programmers skilled in the art to which the embodi 
ments pertain based on and using the flow diagrams and block 
diagrams of the figures and their corresponding descriptions 
as provided herein. 
0131) A number of example embodiments have been 
described above. Nevertheless, it should be understood that 
various modifications may be made. For example, Suitable 
results may be achieved if the described techniques are per 
formed in a different order and/or if components in a 
described system, architecture, device, or circuit are com 
bined in a different manner and/or replaced or Supplemented 
by other components or their equivalents. Accordingly, other 
implementations are within the scope of the following claims. 
What is claimed is: 
1. An active rectifier comprising: 
a first loop configured to provide Voltage when the phase of 

an input signal is positive; and 
a second loop configured to provide Voltage when the 

phase of the input signal is negative, 
wherein the first loop and the second loop include a delay 

locked loop configured to compensate for reverse cur 
rent leakage due to a delay of a Switch included therein. 

2. The active rectifier of claim 1, wherein the input signal is 
received from a source resonator through magnetic coupling. 

3. The active rectifier of claim 1, wherein the first loop 
comprises: 

a first switch configured to be turned on when the phase of 
the input signal is positive, based on a differential signal 
with respect to the input signal; 
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a first delay switch to be turned on when the phase of the 
input signal is positive, based on the differential signal 
with respect to the input signal; 

a first delay locked loop configured to compensate for a 
delay, between when a phase of the differential signal is 
switched from positive to negative and when the first 
delay Switch is turned on; and 

a capacitor configured to provide a Voltage corresponding 
to Substantially the maximum amplitude of the input 
signal. 

4. The active rectifier of claim 3, wherein the first delay 
Switch comprises: 

a comparator configured to receive the differential signal 
and to output a predetermined Voltage when the phase of 
the differential signal is negative; 

a voltage buffer configured to store the predetermined volt 
age outputted from the comparator, and, when the stored 
Voltage becomes a predetermined turn-on Voltage, to 
output the turn-on Voltage; and 

a transistor configured to be turned on by the turn-on Volt 
age outputted from the voltage buffer, 

wherein the first delay locked loop is configured to provide 
a Voltage offset corresponding to a delay occurring due 
to the comparator and the voltage buffer, and to add the 
voltage offset to the phase of the differential signal 
inputted to the comparator. 

5. The active rectifier of claim 4, wherein the first delay 
locked loop comprises: 

a second comparator configured to receive the differential 
signal, and to output a predetermined Voltage when the 
phase of the differential signal is negative; 

a delay unit configured to receive the output of the Voltage 
buffer, and to output the received output after adding a 
predetermined delay of the second comparator to the 
received output; 

a phase detecting unit configured to detect a phase differ 
ence between an output signal of the second comparator 
and an output signal of the delay unit; 

an electric charge pump configured to provide the Voltage 
offset corresponding to the phase difference; and 

a delay compensation unit configured to add the Voltage 
offset to the phase of the differential signal inputted to 
the comparator. 

6. The active rectifier of claim 1, wherein the second loop 
comprises: 

a second Switch configured to be turned on when the phase 
of the input signal is negative; 

a second delay Switch configured to be turned on when the 
phase of the input signal is negative; 

a second delay locked loop configured to compensate for a 
delay, between when the phase of the input signal is 
Switched from positive to negative and when the second 
delay Switch is turned on; and 

a capacitor configured to provide Voltage corresponding to 
the maximum amplitude of the input signal. 

7. The active rectifier of claim 6, wherein the second delay 
Switch comprises: 

a comparator configured to receive the input signal, and to 
output a predetermined Voltage when the phase of the 
input signal is negative; 

a voltage buffer configured to store the predetermined volt 
age outputted from the comparator, and, when the stored 
Voltage becomes a predetermined turn-on Voltage, to 
output the turn-on Voltage; and 
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a transistor configured to be turned on by the turn-on Volt 
age outputted from the voltage buffer, 

wherein the second delay locked loop is configured to 
provide a Voltage offset corresponding to a delay occur 
ring due to the comparator and the Voltage buffer, and to 
add the Voltage offset to the phase of the input signal 
inputted to the comparator. 

8. The active rectifier of claim 7, wherein the second delay 
locked loop comprises: 

a second comparator configured to receive the input signal, 
and to output a predetermined Voltage when the phase of 
the input signal is negative; 

a delay unit configured to receive the output of the Voltage 
buffer, and to output the received output after adding a 
predetermined delay of the second comparator to the 
received output; 

a phase detecting unit configured to detect a phase differ 
ence between an output signal of the second comparator 
and an output signal of the delay unit; 

an electric charge pump configured to provide the Voltage 
offset corresponding to the phase difference; and 

a delay compensation unit configured to add the Voltage 
offset to the phase of the input signal inputted to the 
comparator. 

9. A wireless power receiver comprising: 
a target resonator configured to receive electromagnetic 

energy from a source resonator; 
an active rectifier configured to generate a DC signal by 

rectifying an AC signal received by the target resonator; 
and 

a DC-DC converter to output a rectified voltage by adjust 
ing a signal level of the DC signal, 

wherein the active rectifier includes a delay locked loop 
that is configured to compensate for reverse current leak 
age due to a delay of a Switch included in the active 
rectifier. 

10. The wireless power receiver of claim 9, wherein the 
active rectifier comprises: 

a first loop configured to provide Voltage when phase of the 
AC signal is positive; and 

a second loop configured to provide Voltage when the 
phase of the AC signal is negative, 

wherein the first loop and the second loop include a delay 
locked loop that is configured to compensates for a 
reverse current leakage due to a delay of a Switch 
included therein. 

11. The wireless power receiver of claim 10, wherein the 
first loop comprises: 

a first switch configured to be turned on in a section where 
the phase of the AC signal is positive, based on a differ 
ential signal with respect to the AC signal; 

a first delay switch configured to be turned on in the section 
where the phase of the AC signal is positive, based on the 
differential signal with respect to the AC signal; 

a first delay locked loop configured to compensate for a 
delay, between when a phase of the differential signal is 
switched from positive to negative and when the first 
delay Switch is turned on; and 

a capacitor configured to provide a DC voltage correspond 
ing to Substantially the maximum amplitude of the AC 
signal. 

12. The wireless power receiver of claim 10, wherein the 
second loop comprises: 
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a second Switch configured to be turned on when the phase 
of the AC signal is negative; 

a second delay Switch configured to be turned on when the 
phase of the AC signal is negative; 

a second delay locked loop configured to compensate for a 
delay, between when the phase of the AC signal switched 
from positive to negative and when the second delay 
Switch is turned on; and 

a capacitor configured to provide a DC voltage correspond 
ing to Substantially the maximum amplitude of the AC 
signal. 

13. An active rectifier comprising: 
a first circuit configured to provide Voltage when the phase 

of an input signal is positive; and 
a second circuit configured to provide Voltage when the 

phase of the input signal is negative, 
wherein the first circuit, the second circuit, or both include 

a delay locked circuit that is configured to compensate 
for reverse current leakage therein. 

14. The active rectifier of claim 13, wherein the first circuit, 
the second circuit, or both comprise at least one Switch and the 
delay locked circuit of one or both of the first circuit and the 
second circuit is configured to compensate for reverse current 
leakage due to a delay of the at least one Switch. 

15. The active rectifier of claim 14, wherein the at least one 
Switch comprises a transistor. 

16. The active rectifier of claim 15, wherein the transistor 
comprises a PMOS or NMOS transistor. 

17. The active rectifier of claim 14, wherein the first circuit, 
the second circuit, or both comprise: 

a switch configured to be turned on when the phase of the 
input signal is positive, based on a differential signal 
with respect to the input signal; 

a delay switch to be turned on when the phase of the input 
signal is positive, based on the differential signal with 
respect to the input signal; and 

a capacitor configured to provide a Voltage corresponding 
to Substantially the maximum amplitude of the input 
signal, 

wherein the delay locked circuit is configured to compen 
sate for a delay, between when a phase of the differential 
signalis Switched from positive to negative and when the 
delay Switch is turned on. 

18. The active rectifier of claim 17, wherein the delay 
Switch comprises: 

a comparator configured to receive the differential signal 
and to output a predetermined Voltage when the phase of 
the differential signal is negative; 

a voltage buffer configured to store the predetermined volt 
age outputted from the comparator, and, when the stored 
Voltage becomes a predetermined turn-on Voltage, to 
output the turn-on Voltage; and 

a transistor configured to be turned on by the turn-on Volt 
age outputted from the voltage buffer, 

wherein the delay locked circuit is configured to provide a 
Voltage offset corresponding to a delay occurring due to 
the comparator and the voltage buffer, and to add the 
voltage offset to the phase of the differential signal 
inputted to the comparator. 

19. The active rectifier of claim 18, wherein the delay 
locked circuit comprises: 
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a second comparator configured to receive the differential 
signal, and to output a predetermined Voltage when the 
phase of the differential signal is negative; 

a delay unit configured to receive the output of the Voltage 
buffer, and to output the received output after adding a 
predetermined delay of the second comparator to the 
received output; 

a phase detecting unit configured to detect a phase differ 
ence between an output signal of the second comparator 
and an output signal of the delay unit; 
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an electric charge pump configured to provide the Voltage 
offset corresponding to the phase difference; and 

a delay compensation unit configured to add the Voltage 
offset to the phase of the differential signal inputted to 
the comparator. 

20. An electronic device comprising the active rectifier of 
claim 13. 


